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T HE DISCOVERY THAT experience-driven changes in the human brain can occur from a synaptic to a cortical level throughout the life span has been termed a nascent revolution in cognitive neuroscience, 1 overthrowing the long-held belief that the adult brain is hard-wired and resistant to change. 2 Research with both animal models and humans has shown that the organization of the adult cerebral cortex can change substantially as a result of practice and experience. 3, 4 Furthermore, experience-dependent change can occur at multiple levels of the central nervous system, from the molecular or synaptic level to the level of cortical maps and large-scale neural networks. 2 These discoveries challenge us to investigate how it is that the brain changes in response to experience. Moreover, if the neuroanatomic, neurochemical, and functional changes that take place in response to practice also underlie the recovery of function following damage to the brain, then this knowledge will aid in our understanding of the mechanisms of repair and recovery in damaged or malfunctioning brains. Neuroimaging methods such as positron-emission tomography (PET) and functional magnetic resonance imaging (fMRI) are excellent tools in this endeavor, enabling the examination of how the brain changes in response to practice or training on a particular task. The aim of this review was to illustrate how our knowledge about normal patterns of experience-induced plasticity can provide insights into the mechanisms of neurorehabilitation and to suggest how best to facilitate this rehabilitation through cognitive and behavioral interventions.
There is ample evidence to suggest that, after injury, plastic changes occur in the brain in order to compensate for loss of function in damaged areas. [5] [6] [7] These changes will not always be beneficial, however, nor is substantial recovery or restitution of function likely in the absence of targeted intervention. 6 What pattern of practice-induced functional change is likely to occur in response to such interventions? Although the answer to this question is likely to depend principally on the extent and severity of the injury, there are a number of insights to be gained from the examination of normal practice-induced plasticity that may apply to rehabilitative situations. In the first part of this review, we provide a brief overview of the patterns of normal brain plasticity that occur in response to practice, with a particular emphasis on the potential for practice of cognitive functions. To demonstrate this potential, we provide some preliminary but promising behavioral data that show how practice on higher cognitive tasks can benefit cognitive functioning more generally. In the second section of the review, we discuss the small number of studies that have used neuroimaging methods to examine the neural consequences of cognitive training in clinical populations. These studies provide an illustration of how the insights gained from the examination of neuroplasticity in normative populations, discussed in the first half of the review, can by applied to rehabilitation of cognitive deficits.
PATTERNS OF PRACTICE-RELATED ACTIVATION
CHANGE The literature dealing with the effect of practice on the functional anatomy of task performance is extensive and complex, comprising a wide range of studies from disparate research perspectives. Researchers have used a variety of tasks and paradigms and a diversity of practice techniques and schedules; consequently, there is a corresponding diversity in the pattern of results reported. Different studies report increased or expanded activations, decreased activations, or a reorganization of the functional activations underlying task performance. Briefly, we will provide an organizing framework that will guide understanding and interpretation of these results. For a more extensive review of the practice effects literature, we refer readers to Kelly and Garavan. 8 Human functional neuroimaging studies investigate the changes in brain activation that occur as a result of practice on a range of motor, visuomotor, perceptual, and cognitive tasks. In this section, we distinguish 3 main patterns of practicerelated activation change and provide illustrative examples from each of these different task domains. Figure 1 provides a schematic view of each of the patterns of activation change.
Patterns of Practice-Related Activation Change
Activation decreases. Decreases in the extent or intensity of activations are observed in the majority of studies examining task practice (albeit often in combination with other changes; see Reorganization of Activation: Functional Reorganization of Activations, below). The primary mechanism proposed to underlie activation decreases is increased neural efficiency, which is understood to reflect a sharpening of the response in a particular neural network so that fewer neurons now fire strongly in response to a particular task or stimulus. 9 Decreases in activation therefore represent a more robust and efficient neural representation 10 or a more precise functional circuit.
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A pattern of decreased activation is typically seen after practice on higher cognitive tasks, such as working memory tasks. For example, Garavan et al 11 examined the effect of moderate practice on a visuospatial working-memory task. In this task, participants were required to hold in mind the location (on a computer screen) of a target circle and, after a delay of 3 seconds, to indicate whether the location of a probe circle matched that of the previously presented target circle. Garavan observed activation decreases in the majority of areas activated during task performance (prefrontal, parietal, occipital cortex) as a result of relatively brief (20-min) practice. This finding was understood to reflect an increase in neural efficiency. This increase in neural efficiency was hypothesized to underlie improvements in task performance that were observed over the practice period.
Although there are relatively few studies that examine changes in functional activation as a result of practice on cognitive tasks, such studies have typically observed a pattern of activation decreases. Decreased functional activations were observed by Jansma et al 12 after practice on a verbal Sternberg task, Sayala et al 13 after practice on an object/spatial working memory task, and Hempel et al 14 after practice on an n-back task. Decreases in functional activations have also been observed after practice on other types of higher cognitive task, such as the Tower of London problem 15 and tests of verbal free recall. 16, 17 For example, Haier et al 18 used PET to examine changes in glucose metabolic rate across cortical areas activated during performance of the computer game Tetris, a complex visuospatial-motor task. Haier observed a widespread decrease in glucose metabolic rate after several weeks of moderate training. These decreases in glucose metabolic rate correlated with improvements in task performance. Importantly, this correlation suggests that the brains of subjects doing the task well function more efficiently than the brains of poorer performers, consistent with the hypothesis that functional decreases in activation reflect more efficient information processing in the brain.
Activation increases. The term increases in activation refers to both practice-related expansions in the spatial extent of cortical representations and increases in the strength or amplitude of activations. The lack of distinction between these 2 is likely based on the fact that expanded representations may be undetectable at the spatial resolution of most neuroimaging studies or may be masked by spatial smoothing analytic methods. On a neural level, increases in activation may reflect recruitment of additional cortical units with practice, which is seen in topographically organized cortex as an increase in the spatial extent of activation. Alternatively, increases may reflect a strengthening of the response within a particular region, observed as an increase in the level of activity within that region. 9 An increase in the extent or amplitude of functional activations is most typically observed after extensive practice on sensory or motor tasks, in contrast to decreases in activation typically observed after practice on cognitive tasks. For example, the long-term motor training that is associated with extensive practice on a musical instrument can induce an expansion of digit representations in somatosensory cortex. [19] [20] [21] In an empirical investigation of this effect, Karni et al 22 used fMRI to examine functional activations in primary motor cortex (M1) while participants performed a finger-to-thumb opposition sequence that had been practiced for 10 to 20 minutes each day over several weeks. Performance of the trained sequence reached asymptote after 3 weeks, from which time it evoked an activation map that was consistently larger than that of a control sequence that was performed only during fMRI scanning. The larger activation map reflected an expansion of the representation of the trained sequence in M1 as a result of the recruitment of additional M1 units. 22 One caveat concerning the Karni study is that they only examined activation changes in M1-the acquisition volume did not include other areas of the brain. As a consequence, the authors were unable to observe other practice-related changes in activation that may have been present. Consistent with this suggestion is the fact that many studies that have observed activation increases as a result of practice on sensory or motor tasks also observe concomitant activation decreases in other regions of the brain and are better described by the pattern of redistribution, discussed in the next section.
Reorganization of activation. A reorganization of functional activations as a result of practice is the most commonly observed pattern. We distinguish 2 types of practice-related reorganization, examples of which are discussed below.
Reorganization of activation: redistribution of functional activations. This pattern of practice-related change reflects a quantitative change in the pattern of activations underlying task performance. It constitutes a combination of increases and decreases in functional activations such that the task activation map generally contains the same areas at the end as at the beginning of practice, but the levels of activation within those areas have changed. In addition, the cognitive processes engaged by the task remain largely unchanged by practice.
Reorganization of activation: functional reorganization of activations. This pattern of activation change is the result of a qualitative shift in the cognitive processes underlying task performance and a change in the locus of activations as a result of practice. This shift, known as "process switching" 9 means that neurobiologically and cognitively, different tasks are being performed at the beginning and end of practice, and this results in a coordinated increase and decrease of activation in separate brain regions. Reduced activity in a particular region reflects less engagement of a particular cognitive process, whereas increased activation in a different region reflects the engagement of an alternative cognitive system or the development of new representations or processes. 9 It is important to note that, in the context of the practice effects literature, which has proceeded under the umbrella of cognitive neuroscience, the term reorganization has carried a different meaning than in the context of the clinical literature dealing with recovery of function after damage or injury to the brain. In the latter context, reorganization has typically been used to describe a pattern of activation in which parts of the brain unaffected by the injury become engaged by a particular task or cognitive function after injury. That is, it refers to a pattern of compensatory activation in which different brain areas are recruited to perform a function or task that usually engaged the injured region. Such compensatory activations may later diminish in association with recovery and reactivation of the damaged region ("normalization"). We will return to a discussion of this pattern in the second section of this review, when we discuss functional imaging studies of rehabilitation and recovery of function after brain injury. In contrast, we consider a functional reorganization of activations to reflect a qualitative change in the cognitive processes engaged by the task as a result of practice, which results in the engagement of different brain regions. We will illustrate this pattern with examples below.
Redistribution
Redistribution constitutes a combination of increases and decreases in functional activations such that the task activation map generally contains the same areas at the end as at the beginning of practice, but the levels of activation within those areas have changed. The functional anatomy of the task therefore remains basically the same, but the contribution of specific areas to task performance changes as a result of practice. This pattern most typically reflects a decreased demand on control or attentional processes (wherein activation decreases with practice) and an increased demand on storage and processing in task-specific areas (wherein activation increases) and has been discussed previously by Petersen et al 23 in terms of a "scaffolding-storage'" framework. According to this framework a scaffolding set of regions is used to cope with novel demands during unskilled, effortful performance. After practice, processes or associations are more efficiently stored and accessed and the scaffolding network falls away, evinced by decreased activation in those scaffolding attentional and control areas (eg, prefrontal cortex [PFC], anterior cingulate cortex [ACC], posterior parietal cortex). A coordinated increase in activation is observed in those areas underlying task-specific processes (ie, in representational cortex-primary and secondary sensory or motor cortex, or areas related to the storage of representations such as parietal or temporal cortex).
A study by Shadmehr and Holcomb 24 illustrates this pattern of activation change. In their study, participants used a robotic arm to reach for a target but had to learn to adapt their reaching movements in response to a distortion imposed by the robotic arm. With practice, their performance became highly skilled and converged on that of a condition in which participants experienced no distortion and were able to move normally. Shadmehr and Holcomb used PET to examine brain activations during a recall session that took place 5.5 hours after the last practice session. A redistribution of activations from frontal to posterior (parietal cortex, cerebellum) areas was observed.
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Interestingly, these changes occurred in the absence of any further performance changes, emphasizing the complexity of the brain's response to repeated task experience. Shadmehr and Holcomb proposed that the acquisition of skilled movement is mediated through PFC structures. Then, with time and practice, as automation occurs, motor structures such as the cerebellum assume a greater role in task performance and possibly become the site of motor memory.
A similar pattern of redistribution of activations was also observed in studies involving visuomotor tasks [25] [26] [27] [28] and motor tasks 29, 30 and has also been shown by studies that show that explicit attention to task performance is associated with increased activations in prefrontal and parietal control areas, whereas implicit or procedural task performance is associated with increased activations in task-specific motor areas. [31] [32] [33] The key to redistribution of functional activations is the practice-related decrease in activation in areas underlying cognitive and attentional control, whereas activations in taskspecific tend to increase. It is likely that practice-related decreases in the level of activation in attentional and controlrelated areas of the brain are common to almost all practiceeffects studies. That is, during naive performance of most tasks, there will be some degree of supporting activation in attentional and control areas that drops off as one becomes more practiced on the task. In fact, this pattern may be prevalent in rehabilitative training situations, as part of the compensatory response of the damaged brain. That is, attentional and control processes may be recruited during the initial stages of recovery in order to "scaffold" impaired functioning. As recovery proceeds, these compensatory recruitments may diminish. This particular pattern of activation change has been observed in studies involving clinical populations, 34-36 a discussion of which is provided in the final section of the review.
Functional Reorganization of Activations: "Process Switching"
As mentioned, redistribution reflects a quantitative change in the magnitude of functional activations as a result of practice. Such a quantitative change occurs when the cognitive processes involved in task performance are not substantially altered by practice, even after extensive practice or changes in behavioral output. In contrast, a functional reorganization of activations represents a qualitative shift in the cognitive processes underlying task performance and a change in the locus of activations as a result of practice: "process switching." 9 Thus, the determination of whether the cognitive processes in operation early in practice persist until late in practice, or whether a process switch has occurred, is a critical factor in distinguishing redistribution (persistence) from reorganization (switch).
A study by Raichle et al 37 provides the clearest example of how a qualitative shift in task processes produces a functional reorganization of activations. Using PET, they imaged brain activity while participants generated verbs to a list of nouns (eg, when presented with the noun cake, one might respond with the verb eat). The generate task was repeated for several blocks (Ϸ15min of practice); then participants were scanned again while they generated verbs to both the original list and a new list of nouns. Practice significantly reduced reaction time and led to the development of stereotyped responses to approximately 90% of the nouns. Raichle 37 observed a reorganization of functional anatomy underlying the task-reduced activation in ACC, left PFC, and right cerebellum and increased activity in insular cortex. It is clear that this reorganization was a result of the practice-related change in the cognitive processes involved in performing the verb-generation task-there was a switch away from effortful, semantic processing and selection from an unlimited set of responses early in performance, to paired-associate episodic recall (stereotyped responses to each noun), minimizing effort and semantic processing. In support of this interpretation, when activations during verb generation to the new word list were examined, the researchers observed reactivation of the frontal areas and decreased activation of left insular cortex. A reorganization of functional activations has also been observed in other studies that show a similar practicerelated shift in the cognitive processes involved in task performance, including mirror reading tasks, 38, 39 artificial grammar learning, 40 and free-recall tasks.
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Quantitative change, task domain, and mechanisms of plasticity. On the basis of the preceding description of the primary patterns of practice-related activation change, we can see that there is a distinction between quantitative and qualitative practice-related changes in functional activations. The reader may also have noticed that we may further differentiate patterns of quantitative change in activation (activation increases and activation decreases) on the basis of the task domain. That is, activation decreases are most typically observed after practice on complex cognitive tasks (eg, those involving working memory), whereas activation increases are typically observed in sensory or motor tasks, which place less demand on cognitive processes, particularly after practice (ie, the kinds of tasks that the performance of which one might think of as a "skill"). This dissociation is likely to reflect divergent plastic responses associated with the different task domains. That is, mechanisms of plasticity in association or nonprimary cortex, which typically subserve higher cognitive processes, may differ from those in topographically organized motor and sensory cortex.
Illustrative of the dissociation are studies that show expanded representations in topographic sensory and motor cortex as a result of extensive experience with a particular stimulus type. For example, expanded representations have been observed in somatosensory cortex for the dominant index finger of Braille readers compared with that of non-Braille readers, 42 for left-hand digits in string players compared with controls 19 ; and in the primary auditory cortex for piano tones in musicians relative to nonmusicians. 43 The primary mechanism of this expansion is thought to be modifications occurring in the horizontal connectivity of primary cortex. 2 Modifications in horizontal connectivity in primary cortex are proposed to result from changes in synaptic efficacy, possibly through long-term potentiationϪlike mechanisms and are also suggested to underlie experience-related plasticity in other nonmotor cortex, for example, visual cortex. 20 On a cognitive level, these practice-related changes in representations have been associated with the development of a specific memory trace-an "internal model" 24 of the practiced task. Thus, in sensory and motor tasks, which involve topographic cortical representations, a primary outcome of practice takes the form of an expanded representation within primary cortex as a result of increased connectivity within that area.
In contrast, the representational demands of higher-level cognitive tasks are such that a more distributed network of brain regions is observed to underlie task performance. The specific operations and stimuli involved in the performance of cognitive tasks may not therefore lend themselves to the formation of the same kind of long-term localized and specific memory trace that has been hypothesized to exist for sensory and motor tasks. Instead, practice on cognitive tasks is hypothesized to increase the efficiency of the distributed task network, reflected in a decrease in activation in the network of brain areas underlying task performance, as studies 11, 12, 15, 44, 45 exam-
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ining the effect of practice on higher cognitive (eg, working memory) tasks have shown. This pattern is consistent with electrophysiologic research with monkeys, which shows weaker neuronal activity in response to practiced or familiar stimuli or task conditions. [46] [47] [48] [49] By analogy, although practicerelated changes in activation on sensorimotor tasks may predominantly take the form of increased connectivity within primary cortex, the type of plasticity and activation change associated with practice on higher cognitive tasks is the result of changes in connectivity between nodes of a highly distributed network of functional areas. This suggestion is supported by studies showing changes in connectivity between regions as activity within those regions decreased as a result of learning. 50, 51 A consequence of these differential mechanisms of plasticity resulting from practice on higher cognitive tasks, compared with sensory and motor tasks, is that extensive practice on the latter type of tasks typically produces highly specific improvement in the trained task only. That is, practice-related improvements in performance do not generalize to different task sequences or stimuli. 52, 53 Although few studies [54] [55] [56] have examined the transfer of practice-related improvement in higher-level cognitive tasks, the results of those studies are promising, and indicate that significant transfer of practicerelated improvement to similar cognitive tasks can occur. This finding is very interesting when considered in terms of its potential application to rehabilitative situations. We will return to a discussion of rehabilitative applications in the second section of this review.
Individual differences. One important factor in determining the magnitude of activations observed in response to a cognitive task is the existence of basal interindividual differences in performance. Many of these differences are thought to be a phenotypic expression of variations in dopamine-related genes that affect people's working memory capacity and the ability to exert control over attention. 57 In support of this, functional imaging studies have shown that there is a relation between polymorphisms in the catechol-O-methyltransferase (COMT) gene, which affect levels of dopamine in prefrontal systems, and brain activity in PFC. During working memory tasks, participants with a polymorphism related to high levels of dopamine (Met allele) exhibit less task-related brain activity than subjects with the polymorphism related to low dopamine activity (Val allele). Met allele participants also perform significantly better on tasks of cognitive flexibility and working memory than the Val allele group. [58] [59] [60] Thus, individual genetic variations in the COMT polymorphism affect basal levels of PFC dopamine. Baseline individual differences in levels of PFC dopamine, in turn, affect the efficiency of PFC functioning during working memory. Specifically, there appears to be an inverted U-shaped relation between dopamine levels and PFC function and activation. 57 Such individual differences are likely to interact with the effects of practice. That is, in addition to genetic factors, a person's previous experience with the particular task or skill will also alter his/her position on the inverted U-shaped function that describes activation levels. A very different pattern of activation change may be observed in participants with a high level of familiarity compared with those naive with respect to the particular task or stimulus used. This effect was shown by Hund-Georgiadis and von Cramon, 20 in a comparison of the functional networks activated by highly skilled musicians and nonmusicians during performance of a motor tapping task. Musicians activated a smaller neural network than nonmusicians. Furthermore, musicians showed a practice-related increase in M1, whereas nonmusicians did not. Such practicerelated increases in M1 are typically observed after extensive (ie, several weeks) practice in nonmusicians. 22 Thus, the pattern of practice-related activation change observed in musicians resembled the effects of much more extensive practice in nonmusicians. Pre-practice experience accelerated practice-related changes in functional activation in the brain. This finding may have a parallel in the observation that recovery from brain damage is greatest in those who were better educated or more intellectually active before the brain insult. [61] [62] [63] Thus, the direction and magnitude of practice-related activation change may be a function of a person's pre-existing cognitive abilities and experience. This emphasizes the importance of taking into account both basal and practice-induced differences in performance and activation in the examination of practice effects. With regard to rehabilitation, such individual differences may complicate the expression of the effects of training. On the other hand, the existence of baseline individual differences in cognitive function related to underlying genotypic differences may help identify those people likely to benefit most from such practice.
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The role of other factors. Briefly, there are several other factors that can have a significant effect on the pattern of practice effects seen, which will be important to take into account in a rehabilitative context. These have been discussed in greater detail elsewhere. 8 Changes in performance are often an inherent characteristic of practice. Such changes include direct behavioral effects such as increased accuracy, decreased reaction time, increased processing speed, and secondary task-related effects such as reduced errors, decreased time on task, and more frequent responses. A confound arises here because it is possible that any changes in activation observed are secondary to the behavioral change, rather than to the presumed underlying practice-driven changes in neural efficiency or cortical representations. 9, 66 For example, van Mier et al 67 observed a practice-related increase in M1 activation that is confounded by a concurrent increase in the velocity of motor output, which may in itself explain the increased M1 activity. Neural activation also differs as a function of duty cycle (time on task) or task pacing, which can also change as a result of practice. The converse problem arises in those cases in which practice does not produce changes in performance. In the absence of behavioral change, how can changes in activation be interpreted? Several studies 24, 45, 68 have observed meaningful practice-related changes in activations in the absence of concomitant behavioral changes. Although in such cases it is important to rule out fatigue or decreases in motivation as potential explanations for the activation changes observed, these observations provide remarkable demonstrations of how the brain produces overtly identical behavior despite often substantial changes in the underlying functional anatomy, an observation that has clear implications for research with brain-injured populations.
The point in practice at which participants are imaged will have a significant effect on the levels of activation observed. To make strong conclusions about the effects of practice in any study, researchers must be sure they have imaged the entire window of practice-related effects. A recent study by Hempel et al 14 highlights this issue. They examined the effects of training on an n-back working memory task over a period of 4 weeks. They observed initial increases in activation in taskspecific areas followed by decreases in activation by the end of training and that decreases in activation values are associated with the consolidation of performance gains after extensive practice. They concluded that training-related changes in activation follow an inverted U-shaped quadratic function, with initial increases followed by later decreases.
Finally, a potential confound also arises from those areas associated with task-irrelevant processing. These areas are proposed to be involved in "default" brain processing and typically become deactivated during task performance, relative to a rest state. 69, 70 Practice and increasing automaticity may lead to a decrease in the requirement for attentional suppression of irrelevant information processing, leading to a decrease in the level of deactivation in these task-irrelevant areas. Apparent increases in activation may therefore be spurious, a reflection of these reduced deactivations. This may be an important consideration in studies of clinical populations who show abnormalities in the levels of deactivation in the "default" resting network during the performance of cognitive tasks. 71, 72 The preceding brief review has summarized the predominant patterns of brain change associated with practice and the task domains and conditions in which these different patterns are observed and has identified a number of methodologic issues that bear on interpreting brain changes after task practice. We have noted that the majority of empirical studies focus on the training of sensory and motor functions rather than higher cognitive functions, an unfortunate imbalance given the importance and difficulty in rehabilitating these higher functions. However, emerging evidence suggests that complex cognitive functions can indeed be practiced. This prospect is of particular interest in the context of the centrality of cognitive control processes to cognition and behavior. Deficits in cognitive control have long been identified as central to a number of clinical conditions associated with damage or dysfunction in frontal cortex. For example, dysfunctional cognitive control is central to the neuropsychologic profile of Tourette's syndrome, 73, 74 obsessive-compulsive disorder, 75, 76 attention-deficit hyperactivity disorder (ADHD), 77, 78 schizophrenia, 79, 80 and traumatic brain injury. 81, 82 Cognitive control deficits also show significant declines with increasing age. [83] [84] [85] A number of studies have already shown the efficacy of cognitive rehabilitation for such groups. [86] [87] [88] The immense potential for practice on cognitive control processes is suggested by the theoretic framework in which individual differences in cognitive control (measured in terms of working memory capacity) are directly related to individual differences in performance across a wide range of tasks, with recourse to the concept of general fluid intelligence. [89] [90] [91] Because working memory processes are thought to form the core of cognitive control functions, 10,89-92 one might ask whether flexible cognitive control can be practiced by targeting working memory processes.
In a preliminary investigation of the potential for training cognitive control, we examined the behavioral effects of extensive practice on a challenging version of the n-back working memory task in a small group of healthy participants. In the n-back task, participants are presented with a sequence of stimuli (eg, letters) and are asked to judge whether the current stimulus matches the one preceding it by n number of places, that is, the stimulus n-back. This task was previously identified as tapping those components of attentional control thought to underlie individual differences in general fluid intelligence and performance across diverse higher cognitive tasks. 93 Specifically, Gray et al 93 showed that high-interference "lure" trials place an increased demand on cognitive control, and performance and activation (measured by fMRI) during these trials correlated with participants' general fluid intelligence. We used a similar working memory task in our preliminary study, in which 6 participants took part in 18 training sessions. In each session the participants performed 384 trials of a verbal 4-back working memory task, which also included "lure" trials (3-and 5-back). Participants indicated whether each letter matched ("match" trials) or did not match ("nonmatch" trials) the letter seen 4 items previously (4-back). Their performance on the task was assessed in a pre-and post-training evaluation session. We also assessed generalization of practice-related improvement on 2 other demanding working memory tasks (a spatial n-back task, a verbal Sternberg task), on which participants received no practice.
Statistical analysis of performance as measured during the pre-and post-training evaluation sessions indicated a significant effect of practice on accuracy and reaction time for each of the trial types in the 4-back task (match, nonmatch, and lure trials, PϽ.05). Importantly, although responses to lure stimuli were initially less accurate, slower than responses to nonlure and nonmatch trials, and slower than match trials, these differences were no longer significant after practice. This shows that lure trials initially elicited greater interference than the other trials, consistent with Gray. 93 However, this interference was ameliorated with practice, and lure trials were no longer behaviorally dissociable from nonlure (noninterference) trials after practice. In addition, participants showed large and significant performance improvements on the "transfer" tasks, the spatial 4-back task, and the verbal Sternberg task between the pre-and post-training sessions, in the absence of intermediate practice on those tasks.
These data suggest that the cognitive mechanisms of attentional control are amenable to practice-related improvement. That is, that fundamental cognitive mechanisms thought to underlie performance across diverse cognitive tasks 10, [89] [90] [91] [92] -and ultimately, adaptation to novel situations and successful integration within our complex world-can be improved through practice. The data suggest that complex cognitive abilities are not a fixed and immutable characteristic of a person, but instead, are amenable to change and improvement. An important implication is that deficits in cognitive performance occurring as a consequence of impairment in fundamental mechanisms of attentional or cognitive control may be ameliorated or rehabilitated through practice and training on tasks that specifically tap attentional control. Initial positive demonstrations of this application have been provided by Klingberg et al 55, 56 in children with ADHD. In those studies, working memory training increased working memory span, and this practice effect generalized to improved performance on untrained working memory tasks, inhibitory control, and reasoning (a measure of general fluid intelligence). Parent ratings indicated a significant reduction of inattention and hyperactivity symptoms, and the earlier 55 study also showed a reduction in motor activity as a result of training. Several other studies 86, 87, [94] [95] [96] have also shown positive effects of training on problem solving tasks (eg, the Tower of London problem), working memory, or attention training in clinical or patient groups.
Despite the importance of these behavioral findings, progress in our understanding of their application and utility to clinical populations has been limited by a lack of neuroimaging examinations of the effects of cognitive rehabilitation training. In the next section, we describe some of the emerging studies in this area and illustrate how they are informed by an understanding of normal brain plasticity.
FUNCTIONAL NEUROIMAGING STUDIES OF
REHABILITATIVE COGNITIVE TRAINING The preceding review of neuroimaging literature and the preliminary results our behavioral examination should be instructive for investigating neurorehabilitative plasticity. To date, however, neuroimaging of practice-related changes in performance and functional activations in patient groups has received little attention. Nonetheless, studies in this area are
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beginning to appear, and a very small number of studies 34, 35, 97 have investigated the impact of cognitive training and performance improvement on functional activations in clinical groups. The results of these studies suggest that rehabilitative training of cognitive function can restore and even normalize activation. For example, functional neuroimaging studies [98] [99] [100] have shown that dyslexic people show lower levels of activation in left temporoparietal cortex, which is associated with a deficit in phonologic processing. Temple et al 35 imaged dyslexic children during a phonologic processing task before and after a remediation program that involved training on auditory processing and oral language skills. Training improved language processing and reading performance. Training also increased activity in several brain areas including temporoparietal cortex and the left inferior frontal gyrus, bringing brain activations closer to those of healthy children-a normalization of functional activations. In addition, the dyslexic participants showed compensatory activations in right-hemisphere areas analogous to left-hemisphere language processing areas in persons with normal reading ability, and in attention control areas such as the ACC. The authors suggested that many of these compensatory activations would diminish with further training and improvements to reading performance and that this would be accompanied by further normalization of activation in temporoparietal and frontal areas. These expectations are consistent with the pattern of redistribution of activations, described in section 1, which predicts that reliance on additional attentional and control circuits will diminish with practice.
A similar normalization of brain activations was observed by Wexler et al, 97 who examined the effect of training-related improvements in verbal working memory in schizophrenic patients. The patients trained on an auditory verbal working memory task 4 to 5 times a week for 10 weeks. During training, task difficulty automatically increased on the basis of successful performance. Improvements in performance on the verbal working memory task were associated with increased activation in left inferior frontal cortex, an area that initially showed hypoactivity. In 1 patient who continued training for a further 5 weeks, further performance improvements and normalization of brain activation were observed.
Working with cases of brain damage rather than dysfunction, Sturm et al 34 examined training-induced changes in functional activation in patients with right-hemisphere vascular damage. These stroke patients initially displayed impaired attentional functioning. They performed a computerized alertness training program for 4 weeks. Functional activations during performance of another (unpracticed) alertness task were assessed pre-and post-training with PET. In patients showing a traininginduced improvement in alertness performance after training (3/4), there was reactivation of the right-hemisphere functional network known to subserve alertness in healthy participants. These reactivations were observed most robustly in right lateral PFC and medial frontal cortex but also in inferior parietal cortex. In contrast, a control group of healthy participants who also trained on the alertness paradigm showed decreases in the right frontoparietal alertness network. This was a different effect than that of the patients and was suggestive of traininginduced increases in neural efficiency, consistent with previous studies examining the effect of practice on higher cognitive functions, described in section 1. This latter finding again stresses the importance of taking into account participants' baseline cognitive ability and performance in the interpretation of practice-induced changes in functional activations.
In a similar study, Saur et al 36 used fMRI to examine activations related to language processing in patients who suffered from aphasia caused by a left-hemisphere stroke. The patients were scanned 3 times: in the acute phase (0Ϫ4d poststroke), the subacute phase (Ϸ2wk poststroke), and the chronic phase (Ͼ4Ϫ12mo poststroke). The authors initially observed little activation of nonaffected language structures in the acute phase, followed by a large increase in right-hemisphere cognitive control and language areas in the subacute phase, which correlated with language improvement. Finally, in the chronic phase, the patients showed a normalization of activations, reflected in reduced right-hemisphere activations and reactivation of left-hemisphere language regions, in association with language recovery.
These findings suggest that restoration of function in injured brains can occur through reactivation of brain areas active in healthy brains during naive (pretraining) task performancethat is, by normalizing functional activations. There may also be cases where compensatory activations (recruitment of additional functional areas) are observed during the performance of cognitive tasks, as has been shown extensively in older adults. [101] [102] [103] [104] The use of neuroimaging and the examination of the effects of practice and training in such groups will help separate restorative and normalizing effects from compensatory effects. With further training, activations related to compensatory mechanisms may decrease, consistent with the normal pattern of redistribution of functional activations after practice. For example, Temple 35 predicted that the compensatory activations they observed as a result of auditory and language training in dyslexic people would diminish with further training and improvements to performance. They also predicted that these changes would be accompanied by further normalization of activation in temporoparietal and frontal areas. Similarly, Saur, 36 in an examination of language recovery in aphasic stroke patients, explained increased activations in right-hemisphere cognitive control areas in the subacute phase of language recovery in terms of increased demands on cognitive control processes while language areas are recovering but working at a suboptimal level. These demands are reduced in the later stage of recovery, in which continued language improvement is associated with a normalization of activations; reductions in right-hemisphere activations and increased engagement of left-hemisphere language-specific regions. These studies illustrate how compensatory effects can be dissociated from normalizing effects on the basis of neuroimaging examinations of practice effects and a knowledge of normal patterns of activation change, and thus, how a knowledge of normal patterns of brain plasticity is crucial to the interpretation of neurorehabilitative plasticity.
There are other potentially important applications of neuroimaging of brain plasticity in clinical populations. Although plastic changes in the brain often represent an adaptive response to injury and loss of input or function, there are many negative results of the brain's immense capacity for plasticity and reorganization. Phantom limb pain is an example of pathologic cortical reorganization in the absence of input, 105, 106 and focal hand dystonia in musicians is a result of repetitive movements associated with long-term and extensive practice. 107, 108 Neuroimaging interrogations of practice effects can also shed light on these processes. For example, Behrmann et al 109 recently showed that training visual recognition of a set of artificial objects (Greebles) improved both Greeble recognition and common object recognition in a visual agnosic patient. However, these improvements were accompanied by increased impairment in face recognition. Functional imaging data enabled the authors to attribute this effect to a reorganization of function within the fusiform gyrus such that voxels that had previously been face-selective instead became Greeble-selective as a result of training. This study shows the potential use of neuroimaging technologies in assessing the effects of rehabilitative training efforts, particularly in localizing both the effects of injury and the effect of training, and in attempting to ensure that training does not have a negative impact on intact functions. As the prominent researcher Pascual-Leone has put it, our challenge is to modulate neural plasticity for optimal behavioral gain. 110 Taken together, these recent studies show how this will be made possible: through the use of targeted cognitive training interventions that are grounded in a knowledge of patterns of normal brain plasticity to remediate cognitive and behavioral functioning and normalize brain activations.
CONCLUSIONS
The focus of this review has been the potential rehabilitation of cognitive functions. The literature on healthy control subjects can provide insights into experience-driven plasticity and guidance on methodologic considerations when interpreting activation changes. Our preliminary empirical data suggest that extensive practice on a verbal working memory task can lead to improvements in working memory-related processes and the ability to actively maintain information in working memory despite interference, improvement which may generalize to improved performance on other unpracticed working memory tasks. These data suggest that deficits in cognitive control may be ameliorated or rehabilitated through practice and training, a suggestion that merits further exploration in rehabilitative settings. Progress in our understanding of these effects will be enabled by neuroimaging examinations of cognitive rehabilitation training that are grounded in a knowledge of normal patterns of brain activation and practice-induced plasticity.
